I
n recent years, the role of diet has expanded from the traditional emphasis on survival and satisfying hunger to the use of foods to promote better health and manage and reduce the risk of certain chronic diseases. Consumer interest in health-promoting foods and functional food ingredients continues to rise as the link between diet and health is increasingly substantiated by scientific evidence and positive results of clinical trials. This presents the food industry with the challenge, and opportunity, to develop food products that will deliver specific health benefits while meeting consumer expectations for quality.
Barley is a grain that has the potential to prosper in the functional and natural food products market. It is one of the most widely cultivated cereal crops and can provide valuable nutrients required by humans and domesticated animals (2, 19) . In the ancient world barley was grown as a food staple, but it lost its early preeminence in human nutrition at the beginning of the 20th century, when grains such as rice, wheat, and maize gained greater popularity. Recently, however, interest in barley for food applications has revived, thanks in part to its -glucan content.
-Glucans form the major dietary fiber constituents in barley and have been linked to reduced serum cholesterol concentrations in humans. In Europe and North America, foods containing barley are allowed to carry a health claim related to the ability of -glucans to reduce cholesterol and the associated risk of heart disease (5, 7, 20) . In recent years, many new barley varieties have been developed in Canada specifically for use in food products rather than for use in malting or brewing. In addition to having a hull-less trait and altered starch characteristics (waxy or high amylose), these varieties contain 1.5-2 times more -glucans than hulled varieties destined for malting and brewing applications.
Barley Composition
Barley, like other cereal grains, consists primarily of carbohydrates, proteins, and lipids, but it also contains many valuable and unique constituents (13, 16) . Certain lipids in barley, such as tocols (tocopherols and tocotrienols), possess antioxidant properties (16) . The concentration of -d-tocotrienol, which has been shown in experiments to inhibit cholesterol synthesis in the livers of animals, is higher in barley than in other grains. A second cholesterol inhibitor, -linoleic acid, has also been found among barley fatty acids. Recently, the role of barley phytochemicals such as phenolic acids, phytin, vitamin E, proanthocyanidins, and catechins in preventing the formation of carcinogens from precursor compounds has been highlighted (16) . Barley is also an excellent source of B-complex vitamins, including thiamin, pyridoxine, pantothenic acid, and niacin, as well as biotin and folacin. Several important elemental minerals, including phosphorus, potassium, calcium, magnesium, and sodium, occur in barley grain in concentrations between ≈2 and 4%. However, barley is primarily known for its high dietary fiber content, which ranges from 15 to 23% and is higher than the fiber content in rye (14.6%), wheat (12.2%), oats (10.6%), corn (7.4%), and rice (2-4%) (4) .
The dietary fiber content in the most recently developed Canadian food barley varieties is shown in Figure 1 . A substantial portion of the dietary fiber has the potential to be solubilized in water, mostly due to the high content of water-soluble -glucans in the food barley genotypes.
The composition of soluble and insoluble fibers in one of the Canadian food barley varieties, CDC Fibar, is shown in Figure  2 . -Glucans constitute ≈90% of the soluble fiber contained in CDC Fibar, and arabinoxylans and galactose-and mannose-containing polysaccharides comprise the remaining 10%. The composition of the insoluble fiber found in barley is more complex: the highest concentra- Neutral sugars (CHO) were quantified using gas chromatography after hydrolysis with sulfuric acid and derivatization to alditol acetates (11) . Ara: arabinose; Xyl: xylose; Man: mannose; Gal: galactose; Rib: ribose. tion is arabinoxylans, followed by cellulose, -glucans, and some galactoseand mannose-containing polymers. Barley arabinoxylans have not received the same scientific attention as -glucans; however, many studies have linked arabinoxylans to reduced plasma cholesterol, glycemic index, and risk of colon cancer (9) . Furthermore, because of the presence of phenolic moieties, arabinoxylans may also have some antioxidant properties. Several studies also have noted the prebiotic effects of arabinoxylans and arabinoxylooligosaccharides (9) .
The two fluorescence micrographs in Figure 3 show the predominant locations of arabinoxylans and -glucans in the barley grain. Although arabinoxylans and -glucans are the major components of the primary and secondary cell walls, occurring in every grain tissue, arabinoxylans predominate in the cell walls of the outer tissues (pericarp, testa, and aleurone), whereas -glucans are prevalent in the subaleurone and endosperm cell walls. Given the diverse functions of the individual tissues, it is not surprising that the contents and molecular features of these polysaccharides vary considerably in different tissues (Table I ) (8) .
The content of -glucans in Canadian food barley varieties ranges from 5 to 10%. Barley genotypes with altered starch characteristics (waxy or high amylose) generally contain more -glucans than those with a normal ratio of amylose to amylopectin. Although the concentration of -glucans in barley can be affected by the environment (crop location and climatic conditions), genetic factors have the greatest impact (18) . Among Canadian food barley genotypes, the highest concentration of -glucans is found in CDC Fibar (waxy), followed by CDC Rattan (waxy), CDC Marlina (waxy), CDC Hilose (high amylose), and CDC McGwire (normal starch) (Fig. 4 ). Barley genotypes with increased levels of -glucans exhibit much thicker endosperm cell walls than genotypes normally developed for malting purposes (Fig. 5) . The water solubility of -glucans in barley grain depends on various factors (e.g., granulation, solubilization time and temperature, and solvent), but generally it is very high, and ≈50-70% of the total -glucan present in the grain has the potential to be solubilized during food preparation and/or di- gestion. The arabinoxylan content in food barley, which ranges from 4 to 6%, seems to be less affected by genetic factors but can be strongly influenced by environment (8) . The water solubility of arabinoxylans is generally substantially lower than that of -glucans.
Barley Health Claims
The health benefits of barley -glucans are dose-dependent, and the approved health claims stipulate consumption of 3 g of barley -glucans/day to achieve a significant reduction of cholesterol levels in humans (5, 7, 20) . Thus, to qualify for the health claim barley-containing foods must provide at least 0.75-1 g of -glucans/serving. There are several advantages to consumption of whole barley grain as a source of -glucans, and eating food products containing grain constituents in the same proportions as those found in native grains is strongly recommended (12, 17) . However, to achieve the recommended daily intake of -glucans from whole grains, consumption of very large amounts of such products may be required, which may be unrealistic and not appeal to health-conscious consumers concerned about starch and/or total calorie intake.
The nonuniform distribution of -glucans in barley kernels creates an opportunity for their separation through physical fractionation (e.g., milling), but processing of barley to produce fractions enriched with dietary fiber or specific fiber components is less developed than a similar treatment us ed for wheat and oats. Many earlier studies on milling of hull-less barley followed the wheat paradigm, with the main emphasis placed on flour yield and composition. However, the most beneficial barley constituents, such as -glucans, arabinoxylans, vitamins, tocols, and phenolic compounds, are associated with grain cell walls, and they remain in the coarse milling fractions rather than in the flour. Therefore, to take full advantage of the most valuable barley components, milling of food barley grain should focus on producing coarse milling fractions that contain cell wall material enriched with -glucans, other dietary fiber constituents, and various bioactive components.
Production of Barley Fractions Enriched with β-Glucans by Roller Milling
We recently developed and optimized a relatively simple roller milling flow for processing food barley grain and generating -glucan-and fiber-rich fractions. The milling flow (Fig. 6 ) comprises break passages through four sets of corrugated rolls with increasing numbers of corrugations, one sizing passage, and two passages through a shorts duster, which is also known as a bran finisher in wheat milling. Following passage through the fourth set of break rolls, the ground material is sieved to collect the "break flour, " and the coarse material is directed to the shorts duster. The shorts duster agitates the coarse particles in a spiral motion, propelling them against a perforated screen and toward the outlet; the flour-like material falls through the screen, generating "SD flour," while larger fiber particles are drawn to a secondary outlet. The impact action that occurs in the shorts duster effectively cleans the fiber by releasing starch granules that are encapsulated in the endosperm cell walls. The fiber particles are further processed through the sizing rolls and shorts duster. The coarse material from the last passage through the shorts duster, typically designated "shorts" and comprising fine bran in wheat milling, originates mainly from endosperm cell walls in barley milling and is enriched with -glucans and other fiber constituents. This product was designated in our studies as a "fiber-rich fraction" (FRF) to reflect its main components and to distinguish it from cereal brans, which consist mostly of outer grain tissues. Further refinement of the FRF is optional and can be achieved by additional fragmentation of the fiber particles using pin milling, followed by sieving and another passage through the shorts duster (Fig. 7) . The material obtained through the additional process was designated "enriched-FRF. "
Both fiber preparations contained coarse particles. The enriched-FRF was slightly brighter and contained fewer dark specks, whereas the original FRF contained slightly bigger and more compact or denser particles, as shown in the scanning electron micrographs in Figure 8 . Both fiber preparations were enriched with cell walls from the endosperm and outer tissues (pericarp and aleurone). The enriched-FRF particles appeared to be more porous and distorted and contained less starch compared with the original FRF particles (Fig. 9) . Compared to the whole grain, both fiber preparations contained higher amounts of -glucans, arabinoxylans, dietary fiber, proteins, and minerals but substantially lower amounts of starch (Table II) . The FRF yield for varieties high in -glucan, such as CDC Fibar and CDC Hilose, can be as high as 50%, making the process economically feasible. The -glucan content in the FRF of CDC Fibar and CDC Hilose was 18.2 and 12.7%, respectively, and the enrichment factor, compared with the whole grain, was 1.82 for both varieties. Another important parameter indicating the efficiency of -glucan enrichment of the milling product is the recovery of these polysaccharides in the FRF. As shown in Table II , the recovery of -glucans in the FRF of CDC Fibar and CDC Hilose was as high as 89%, indicating that only ≈11% of -glucans remained in the flour. The additional refinement steps substantially reduced the enriched-FRF yield, mostly due to the additional removal of starch, but significantly increased the concentration of -glucans and arabinoxylans in the fiber fractions.
Production of Barley Fiber Fractions by Stone and Pin Milling
Barley FRF also can be obtained using other milling techniques, e.g., stone or pin milling. The stone milling process used in our study for the production of FRF involves three passages of the grain through the stone mill, sieving, and three passages through the shorts duster (Fig. 10) . Once again the objective was to generate coarse milling material rather than barley flour. The grinding action of stone milling is relatively simple, is economical, and has the appeal of traditional one-step grinding with natural stones. The pin milling process used in our studies involves fragmentation of kernels in a pin mill, sieving, and three passages through the shorts duster (Fig. 10) . The grinding action within the pin mill is achieved by impacting grain particles with a series of hardened steel pins. The particles are shattered into fragments as they progress toward the outlet. The grinding action of the pin mill can be controlled by altering the feed rate to the mill and the speed of the rotor. In our studies, two different rotor speeds were used to create two different products. The fiber fractions produced by stone or pin milling were refined further using additional pin milling, sieving, and shorts duster passages to generate the enriched-FRF.
All three milling techniques significantly increased the -glucan content in the FRF obtained from food barley variety CDC Rattan (Fig. 11) . However, substantial differences in -glucan contents were observed for FRF obtained using the different methods. Stone milling resulted in fiber fractions with the lowest -glucan content, whereas pin milling at a higher rotor speed resulted in fiber fractions with the highest -glucan content. The additional refinement steps significantly increased the -glucan contents in enriched fractions, but the ranking remained the same. Arabinoxylan content was also affected by different milling techniques: for both the original and enriched-FRF, the highest arabinoxylan content was found in fiber fractions prepared using roller milling and the lowest in fiber fractions prepared using stone milling (Fig.  11) . The starch content in FRF and enriched-FRF was inversely proportional to the -glucan content.
Milling performance was assessed in terms of the FRF yield and -glucan and arabinoxylan concentrations in the fractions. In terms of economics, it is desirable to produce a high yield of fiber fractions that have the highest possible content of and enrichment with desired components. As indicated in Table III , stone milling produced the highest yield of fiber fractions, but the -glucan and arabinoxylan enrichment factors were relatively low. Roller milling and pin milling at a higher rotor speed generated similar fiber fraction yields (≈44%) and -glucan enrichment factors. The highest arabinoxylan enrichment factor was achieved using roller milling.
Effects of Different Milling Techniques on Physicochemical Properties of Barley Fiber Fractions
Different milling techniques also affected some of the physical properties of the fiber preparations. The FRF produced by stone milling contained the largest particles, whereas the FRF produced by pin milling, especially fractions produced at a higher rotor speed, contained the smallest particles (Table III) . Pin milling generally produced particles with the broadest distribution of sizes and the highest specific area. The additional refinement steps used to create enriched-FRF substantially decreased FRF particles to a similar size and distribution. The bulk density and porosity values for the fiber fractions prepared using different milling processes are shown in Figure 12 . The FRF produced by stone milling showed the greatest bulk density and, consequently, the lowest porosity (Fig. 13) . The lower bulk density and higher porosity of the FRF produced by roller or pin milling corresponded with lower starch contents (Figs. 9 and 14, respectively). There were also some differences in swelling and water-holding capacity among the different fiber preparations. The highest waterholding capacity was observed for the FRF produced by roller milling, followed by pin milling, whereas the lowest waterholding capacity was observed for FRF prepared by stone milling (results not shown). The enriched-FRF exhibited higher water-holding capacity values compared with the original FRF, but the ranking among fractions produced by different milling techniques remained the same. Water-swelling and -hydration capacity are important functional properties of fiber fractions because they can affect their processing performance in food applications, as well as their physiological functions in the gastrointestinal tract (6). The differences in swelling and waterholding capacity observed among FRF produced by different milling techniques are likely due to differences in composition, particle size, and physical structures.
Other physicochemical properties of the fiber fractions that might be relevant to their efficacy in delivering health benefits also were affected by the production method used. For example, the water solubility of -glucans was highest for the roller-milled and lowest for the stonemilled fractions (Fig. 15) . The solubility of -glucans contributes to their viscositybuilding properties. The development of viscosity in aqueous dispersions of FRF during a 30 min mixing period at a constant shear rate and temperature (35°C) is shown in Figure 16 . The roller-and pinmilled barley fiber fractions exhibited relatively fast viscosity evolution and reached much greater values compared An ad appeared here in the print version of the journal.
with the other preparations. The differences in viscosity profiles among FRF produced by different methods can be ascribed to differences in total and soluble -glucan contents and in some physical properties of the particles (e.g., size, porosity, and swelling properties). Enriched-FRF exhibited much higher viscosity than original FRF, mainly due to a higher concentration of water-soluble -glucans in the former.
Conclusions
Barley has a long history of use in food applications; in the ancient world it was grown primarily as a food staple for human nutrition (14) . Today, there is a resurgence of interest in growing barley as a food grain due to the presence of -glucans, which have been proven to lower cholesterol and alleviate the risk of heart disease in humans. Consumer interest in foods and food ingredients that can deliver specific health effects has increased, and this has created a demand, and an opportunity, for production of innovative fiber preparations from barley. Our studies clearly show that common milling techniques can be applied to generate functional barley fractions enriched with -glucans. The FRF yield and -glucan concentration in the fractions can be altered by choosing an appropriate milling technique and/or using different food barley varieties. Barley FRF that are generated by dry grain fractionation consist of fragments of pericarp, aleurone, and endosperm cell walls and their natural constituents, including other dietary fiber constituents (e.g., arabinoxylans, cellulose, and mannose-and galactose-containing polysaccharides), vitamins, minerals, and phenolic compounds, in addition to -glucans.
The much higher concentration of -glucans in FRF compared with the whole grain eliminates the need to consume high amounts of grain products to satisfy the intake of 3 g of -glucans/day stipulated by barley health claims. The addition of barley to wheat-based products, such as pastas, noodles, and breads, can potentially improve their health benefits; however, adding large amounts of barley generally results in lower product quality and reduced consumer acceptance (15) . The solution may lie in the high concentration of -glucans contained in FRF; this high concentration allows for the replacement of a relatively small amount of wheat flour and no negative impact on final product quality (10) .
Although the approved health claims for barley -glucan do not stipulate any specific physicochemical properties for whole grain or grain products, there is enough scientific evidence to show that certain properties of -glucan (fiber) preparations, such as water solubility, viscositybuilding capacity, porosity, and water swelling, may affect their bioavailability and physiological efficacy. Some of these physicochemical properties can be controlled by different milling techniques, as is clearly shown in our studies. 
